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ABSTRACT 

The genesis and chemical patterns of the metal poor stars in the galactic halo remains an 
open question. Current models do not seem to give a satisfactory explanation for the observed 
abundances of Lithium in the galactic metal-poor stars and the existence of carbon-enhanced 
metal-poor (CEMP) and Nitrogen-enhanced metal-poor (NEMP) stars. In order to deal with 
some of these theoretical issues, we suggest an alternative explanation, where some of the 
Pop. Ill SNe are followed by the detonation of their neutron stars (Quark-Novae; QNe). In 
QNe occurring a few days to a few weeks following the preceding SN explosion, the neutron- 
rich relativistic QN ejecta leads to spallation of ^''Ni processed in the ejecta of the preced- 
ing SN explosion and thus to "iron/metal impoverishment" of the primordial gas swept by 
the combined SN+QN ejecta. We show that the generation of stars formed from fragmenta- 
tion of pristine clouds swept-up by the combined SN+QN ejecta acquire a metallicity with 
-7.5 < [Fe/H] < -1.5 for dual explosions with 2 < fdeiay (days) < 30. Spallation leads to 
the depletion of ^''Ni and formation of sub-Ni elements such as Ti, V, Cr, and Mn providing a 
reasonable account of the trends observed in galactic halo metal-poor stars. CEMP stars form 
in dual explosions with short delays (fdeiay < 5 days). These lead to important destruction of 
^^Ni (and thus to a drastic reduction of the amount of Fe in the swept up cloud) while pre- 
serving the carbon processed in the outer layers of the SN ejecta. Lithium is produced from 
the interaction of the neutron-rich QN ejecta with the outer (oxygen-rich) layers of the SN 
ejecta. A Lithium plateau with 2 < A(Li) < 2.4 can be produced in our model as well as a 
corresponding ^Li plateau with ^Li/^Li < 0.3. 

Key words: cosmology: theory - early universe - nuclear reactions, nucleosynthesis, abun- 
dances - supernovae: general - stars: carbon - stars: Population II, Population III 



^ 1 INTRODUCTION very metal-poor stars below [Fe/H]^ -2 have been identified in 

fn the Galactic halo by two large-scaled surveys (HK survey, Beers et 
Jare are long- , ,„„„ „ , ^^or^ rucci r-u -^j- u » i onni\ TU 

\ " 01. 1992: Hamburg/ESO [HES] survey, Christlieb et al. 2001). The 

lived, low-mass obiects (0.6-0.8Mq), the maionty of which are _c n i ^- -.i i ■ i j- ^ ^ttt^on 

■' ^'^ J J toUow-up observations with high-dispersion spectroscopy (HDS) 

main-sequence and giant stars that have preserved in their atmo- 



spheres the chemical signatures of the gas from which they formed. 
It is argued that their stellar surface composition has not been sig- 



using large telescopes yield details of hundreds of these stars sur- 
face abundances. Following the nomenclature defined in Table 1 
in Beers&Christlieb (2005; see also Frebel& Norris 2011) which 



nificantly altered by any internal mixing processes or by external , . „ ,. „ r , r , 

classify ditterent types of metal-poor stars in terms of popula- 

influences such as accretion of interstellar material. By measur- . .... j , ■ , ■ j, », , r, 

tion, metallicity and chemical signatures, we refer to Metal-Poor 

ms their surface composition today, one can look back in time . »it. / -.i rr- /ttt ,\ -^t »« » i r. . ^rmr. 

° ^ ruiTT- Tu ^ f stars as MPs (with [Fe/H] < -1), Very Metal-Poor stars as VMPs 



and learn about the nature of the early Universe. Thousands of 



(with [Fe/H]< -2), Extremely Metal-Poor stars as EMPs (with 
[Fe/H]< -3), Ultra Metal-Poor stars as UMPs (with [Fe/H]< -4), 
Hyper Metal-Poor stars as HMPs (with [Fe/H]< -5) and, Mega- 
Poor stars as MMPs (with [Fe/H]< -6). The most iron-deficient 
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' We adopt the notation [A/B]= log(NA/NB)-log(NA/NB)Q, where Na and 

,, f . ., u t t f 1 . 4 J D t- 1 cr obiects known to date are the HMPs identified among the HES 

Nb refer to the number or atoms oi elements A and B, respectively, blemen- ■' " 

tal abundance can also be referred to as an "absolute" scale, relative to the sample with [Fe/H]= -5.6, -5.4 and -4.8 (HE1327-2326, Frebel 

number of hydrogen atoms, defined by A(Lr) = log(e(A)) = log ^ + 12 et al. 2005: HE0107-5240, Christlieb et al. 2002: HE0557-4840, 

where A can be taken to represent any element. The relevant solar values are Norris et al. 2007, respectively). 

taken from (Asplund et al. 2009; see their Table 1). The observed elemental 

abundances in stars are assumed to pertain to their our atmospheres (where Galactic halo MP stars have received considerable attention 

the lines are observed), not a volume average over their interiors. in the literature because of the fact that they are at the cross- 
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roads of stellar evolution, star formation, galactic chemical evo- 
lution and cosmology. This has led to a volumetric literature that 
has accumulated over the years providing a thorough analysis of 
the chemical abundances of MP stars and in particular on their 
lithium (plateau) abundance (discussed in 9 1.21 below). It is veiy 
difficult to give a complete and thorough introduction to the field 
of MP stars and the issue of the Spite plateau. The references in 
this paper are most likely incomplete so we refer the interested 
reader to the reviews (and the numerous references therein) by 
Lambert, (2004), Beers&Christlieb (2005), Charbonnel & Primas 
2005), Sneden et al. (2010), Aoki et al. (2010) and more recent 
ones by Karlsson, Bromm, & Bland-Hawthorn (2011); Cowan et 
al. (2011), Frebel&Norris (2011) and Fields (2011). We also sug- 
gest locco (2012) for a phenomenologist's perspective on the issue 
of the Lithium plateau. 

The conditions for the formation of these first low-mass stars 
are still being investigated. Many formation and evolution models 
have been presented to tackle key questions relevant to MP stars 
and the plateau. Some studies propose that metal enrichment by 
first (massive) stars accelerates the cooling of molecular clouds to 
lower the Jeans mass and to enable the low-mass star formation 
(Bromm&Loeb 2003; Omukai et al. 2005). Other studies propose 
that ionization photons emitted from first stars accelerate the forma- 
tion of H2 molecules as main coolant in the primordial gas (Ricotti 
et al. 2002; Yoshida et al. 2008), which can trigger the first forma- 
tion of low-mass stars (e.g. Shigeyama& Tsujimoto 1998; Machida 
et al. 2005). Any formation model of these stars should account for 
the abundance patterns of MP stars and in some case for unique pat- 
terns. E.g. all of three HMP stars, known to date, show large carbon 
enhancement (e.g. Beers&Christlieb 2005). Others show enhance- 
ment of neutron-capture elements (e.g. Sneden et al. 1996). 

1.1 From metal poor to hyper metal-poor stars 

Many attempts have been made to reproduce the overall abundance 
patterns in EMP and HMP stars by modelling the evolution and 
explosion of massive stars, and comparing the yields to observa- 
tions (Woosley et al. 2002; Umeda&Nomoto 2005; Nomoto et al. 
2006; Joggerst et al. 2010, to cite only a few). Some studies have 
focused on the potential role of veiy massive stars (M ~ 200Mg) 
that die as pair-instability SNe (PISNe) yielding a large amount of 
metals (Umeda&Nomoto 2002; Heger&Woosley 2002). However, 
there seems to be no signatures of PISNe in Galactic Halo EMP 
stars (e.g. Ballero et al. 2006; Cayret et al. 2004; Tumlinson et al. 
2004). Other models favour the idea that the observed EMP stars 
of the galactic halo are stars formed directly from the ejecta of one 
or few Pop. Ill SNe of intermediate mass (15-60Mo), which are 
diluted with metal-free primordial gas. Yet other models propose 
that HMP stars are formed of the gas, enriched with metals by the 
ejecta of peculiar faint Pop. Ill SN (Umeda et al. 2003; Iwamoto 
et al. 2005). Limongi et al. (2003) propose a combination of two 
Pop. Ill SNe to reproduce the abundance pattern peculiar to HMP 
stars. These scenarios are shown to face challenges reproducing C, 
N, and O abundances simultaneously (e.g. Weiss et al. 2000 and 
references therein). 

Very energetic hypemova (HN) explosions (driven by bipo- 
lar jets) may be responsible for these abundance patterns. HNe 
are core-collapse SNe with explosion energies up to an order of 
magnitude those of normal core-collapse SNe (e.g. Iwamoto et al. 
2003). These are known to show exceptionally large kinetic ener- 
gies (Galama et al. 1998; Mazzali et al. 2000). HNe are able to fit 
the average abundances of VMP stars in particular those with no en- 



hancement of CNO elements (e.g. Nomoto et al. 2006). The aspher- 
ical yields of large (Co,Zn)/Fe and small (Mn,Cr)/Fe are consistent 
with abundance patterns in MP halo stars, indicating important con- 
tribution of hypemovae in the early Galactic chemical evolution. 
On the other hand, Heger & Woosley (2010) studied the evolution 
and parameterized explosions of Pop III stars with masses ranging 
from 10 to 100 Mq. They have concluded that the EMP stars do not 
show the need for an HN component and that moderate explosion 
energies seem to be preferred, though their models tend to under- 
produce Co and Zn. Also, the explosion mechanism for HNe has 
yet to be identified. 

A binary scenario was put forward to assert that HMP stars 
can be the survivors of the low-mass Pop. Ill stars without pris- 
tine metal elements. In this scenario, their surface metal elements 
originate from afterbirth pollution by the accretion of interstellar 
matter (ISM) and by the wind accretion of envelope matter ejected 
by the binary companions (e.g. Suda et al. 2004). In this respect, 
Nishimura et al. (2009) investigated the AGB nucleosynthesis un- 
der the dearth of pristine metals to show that the abundance pat- 
terns of light metal elements from C through Al can be reproduced 
in terms of the accretion of envelope matter from AGB compan- 
ion in binaries. However, in this case, the origin of the iron-group 
elements remains to be discussed because binary mass transfer or 
stellar wind cannot provide these elements. 

A large fraction of VMPs show a great enhancement in the 
abundance of C. These carbon-enhanced MP (CEMP) stars consti- 
tute approximately one fifth of the MP ([Fe/H] < -2) population 
(Beers&Christlieb 2005). Apart from carbon, substantial enhance- 
ments of N with respect to iron are common among CEMP stars. 
One explanation of this observation is that these stars have under- 
gone mass transfer from an AGB binary companion. The observed 
[C/N] ratios in CEMP stars do not fit the predictions of either the 
low-mass or the intermediate-mass AGB models but instead fall 
in an intermediate regime that is not covered by the models. This 
begs the question of why do the observations of stars with large 
[C/Fe] show larger N (smaller [C/ N]) than predicted by models 
for the evolution of 2-3Mq stars? One also wonders where are the 
VMP stars that were, in the context of the mass transfer scenario, 
polluted by the N-rich 3.5-7.5Mo stars? The mechanism respon- 
sible for the very efficient production of N in intermediate-mass 
stars is a robust prediction of stellar evolution models. If the bi- 
nary mass transfer scenario is invoked for the CEMP-s stars with 
[C/N]~l (CEMP-s stars are CEMP stars that exhibit enhancement 
of the neutron-capture s-process elements), then one may ask why 
there are no NEMP stars with [C/N] — 1, as might be expected to 
arise from systems in which the donor is a more massive AGB star. 
A possible explanation for both the ubiquity of CEMP-s stars and 
the near-absence of NEMP stars is that low-mass, low-metallicity 
AGB stars undergo much more efficient dredge-up of carbon than 
shown by detailed evolution models available to date (see Izzard 
et al. 2009). This has inspired renewed interest in the nucleosyn- 
thesis of N in massive stars, which has led to the suggestion that 
N in EMP and HMP stars may require rotationally induced mixing 
prior to the destruction of the star (Chiappini et al., 2005; Hirschi, 
2007; Ekstrom et al. 2008; Joggerst et al. 2010). The idea that Pop 
III stars were rotatingf] needs to be confirmed. Furthermore, while 



^ The non-rotating Pop III model yields achieved only partial agreement 
with the abundances in the most MP stars ever detected. In particular, they 
did not reproduce the amount of nitrogen observed in HMP stars because it 
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the N yield from these models does fit the abundance pattern of a 
few halo stars, the C abundance was not easily reproduced. 



1.2 The Lithium Plateau 

From observations of 1 1 main-sequence (Pop.II) stars belonging to 
the Galactic halo. Spite & Spite (1982) concluded that the abun- 
dance of 'Li in halo stars is almost independent both of their effec- 
tive temperatures (between 5600 K and 6400 K) and of their metal- 
licity (between [Fe/H]= -1.5 and -2.5). Three decades of work fol- 
lowed, increasing the accuracy, the number of stars observed and 
the range of metallicity that they span, which confirmed the plateau 
withA(LO = log6u ==2.15 + 0.1 for -3.5 < [Fe/H] < -1.5 (Hobbs 
& Duncan 1987; Rebolo et al. 1988; Spite & Spite 1993; Thorburn 
1994; Molaro et al. 1995; Ryan et al. 1996; Bonifacio & Molaro 
1997; Bonifacio et al. 2002; and Asplund et al. 2006). These studies 
found that the star-to-star scatter in Li abundance for MP stars on 
the plateau is extremely small, on the order of 0.05 dex, well within 
the expected observational errors (Ryan et al. 1999; Asplund et al. 
2006; Bonifacio et al. 2007, to cite only a few). 

One way to understand the apparently constant 'Li abundance 
on the Spite plateau is to relate it directly to production by big bang 
nucleosynthesis (BBN). The measurements of the WMAP satellite 
allowed to determine the parameters of the model of nucleosynthe- 
sis of the BB, leading to a measured lithium abundance about 3 
times (i.e. 0.5 dex) higher than the value of the Spite plateau (Coc 
et al. 2004). Several theories proposed uniform partial destruction 
of the (high) big bang lithium, forming in this way a (low) plateau 
in agreement with observations. Some investigated models involv- 
ing non-standard models of the BB, and more elaborate nuclear 
physics in the early universe. Other ways in which to remove the 
two discrepancies involve aspects of a new cosmology, particularly 
through the introduction of exotic particles (see Lambert 2004). 
However the discrepancies seems to resist explanation. 

Is there a probable stellar solution to the cosmological lithium 
discrepancy? Lithium is known to be a very fragile element, one 
that is rapidly destroyed by nuclear reactions in stellar interiors 
when the temperature exceeds 2.5 x 10* K. One possible expla- 
nation of the discrepancy between the expected primordial lithium 
and that measured on the Spite plateau could therefore be that the 
lithium currently observed in the outer atmospheres of halo stars 
has been depleted by stellar-evolution processes over the long his- 
tory of the Galaxy. It is understandable that for some it remains 
hard to admit that the abundance of lithium in the atmosphere of 
the old VMP dwarfs had remained unchanged during 13 billions 
years. The challenge this school of thought faced was in explain- 
ing the strictly uniform (i.e. independent of temperature, mass and 
metallicity) lithium depletion in the warm MP dwarfs. Richard et 
al. (2005) showed that the addition of turbulent mixing allows for 
a constant lithium abundance with stellar mass, at the same time 
lowering the initial lithium by up to 0.5 dex thus favouring the 
BBN origin. In this respect, Kom et al. (2006; see also Korn et 
al. 2008) find that both lithium and iron have settled out of the 
atmospheres of old stars in the MP globular cluster NGC 6397, 
and they infer for the un-evolved abundances, [Fe/H]= -2.1 and 
A(Li) = 2.54 ±0.1, in excellent agreement with standard BBN. 
This result is facing scrutiny with recent investigations seemingly 



was not present in the initial pre-supemova progenitor models in sufficient 
quantities (e.g. Joggerst et al. 2010 and references ffierein). 



disagreeing with these high values of A(L;) and confirming the dis- 
crepancy with BBN (e.g. Bonifacio et al. 2007; Mucciarelli et al. 
2012 and references therein). This is a very complex problem that 
may require much more understanding of stellar astrophysics to be 
solved. Many efforts have been directed towards the investigation 
of the stellar solution but it appears that the conclusions are not 
firm because low-mass stars exhibit, at all stages of their evolution, 
the signatures of complex physical processes that require challeng- 
ing modelling beyond standard stellar theory (e.g. Charbonnel & 
Primas 2005). 

The *Li observations of Asplund et al. (2006) hint at a plateau 
with *Li/'Li~ 0.06 + 0.03 (or loge(«LO = 0.8; these might be 
considered as upper values). Concern was raised about the qual- 
ity of the high-resolution spectra that have been used to determine 
*Li/'Li. For example, line asymmetries generated by convective 
Doppler shifts in the atmosphere of metal-poor stars result in an 
excess absorption in the red wing of the 'Li absorption feature that 
mimics the presence of *Li (see Cayrel et al. 2007). Neglecting 
such asymmetries in abundance analyses could lead to to overesti- 
mation of the ''Li/'Li ratio. However, as emphasized by Asplund et 
al. (2006), one may question a detection of *Li for a given star, but 
the collective distribution of ''Li/'Li can only be explained if ''Li is 
present in the atmospheres of some of these MP stars. If confirmed, 
the ''Li plateau (which still lacks convincing theoretical explana- 
tion) would widen the divide between the BBN lithium and the MP 
stars lithium. It would also call for a re-thinking of stellar physics 
and models of cosmic-ray nucleosynthesis. For example, the pro- 
duction of such large amounts of *Li must have required an enor- 
mous flux of cosmic rays early in the history of our galaxy, possibly 
more than could have been provided by known acceleration mech- 
anisms. Moreover, if the plateau stars have truly destroyed enough 
'Li to bring the WMAP prediction of the mean baryon density into 
agreement with that obtained with the observed Spite plateau, the 
greater fragility of ''Li implies that the stars initially contained *Li 
in quantities comparable to the observed 'Li plateau. 

RoUinde, Vangioni & Olive (2006) have considered pre- 
galactic cosmic rays (CR) generated by shocks around population 
III objects. By collisions between accelerated and at rest helium 
nuclei, the so called a fusion process generates both Lithium iso- 
topes by the reactions *He(a, DfLi and "'He(Q', p)''Li. This process 
works, but needs a very large fraction of the kinetic energy of popu- 
lation III SNe to be converted into CR energy, as noted by Prantzos 
(2006) and Evoli et al. (2008). It seems also difficult to produce 
a plateau in the hierarchical model of Galaxy formation of Evoli 
et al. (2008). Other scenarios involving CR production have been 
proposed, but are exposed to similar critics. The challenge has been 
since to explain: (i) The source and the value of the plateau; (ii) the 
mere 0.05 dex after dispersion from one star to another; (iii) the 
gap (i.e. 0.5 dex) between the primordial Li and the Spite one? We 
refer to a recent paper by Spite&Spite (2010) which discusses the 
challenges and the complexity inherent to this old enigma. To sum- 
marize, replicating abundances and trends in Galactic halo MP stars 
have proven challenging. This leaves room for new alternatives to 
be explored. 

1.3 Our model 

Here we present a model in the context of primordial Quark-Novae 
(hereafter QNe); i.e. QNe going off in the wake of Pop. Ill stars. A 
QN is an explosive transition of a massive neutron star to a quark 
star (Ouyed et al. 2002; Keranen et al. 2005; Vogt et al. 2004; 
Ouyed et al. 2005; Niebergal et al. 2010). Our previous studies 
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of QNe favour progenitor initial mass in the 20-40 Mq, tiiese pro- 
genitors (effectively the SNe progenitors) would lead to the most 
massive NSs which are unstable to quark deconfinement in their 
cores (Staff et al. 2006) and prone to a subsequent QN transi- 
tion/explosion (Niebergal et al. 2010). The 20-40 M© mass range 
is in line with the literature which suggests prompt black hole (BH) 
formation above 40Mq (e.g., Heger et al. 2003; Nakazato et al. 
2008); the most massive stars (M > 40Mo) in a conventional or 
top-heavy IMF collapse to black holes while progenitors in the 20- 
40 A/q range lead to QNe. In the context of Pop. Ill stars, QNe mass 
range corresponds to the lower end of Pop. Ill IMF which implies 
that the dying out of the first heavy stars should coincide with a 
peak in the QN rate (Ouyed et al. 2009a). 

In particular QNe going off shortly (i.e. a few days to a few 
weeks) following the preceding/parent SN, lead to spallation and 
destruction of ""^Ni in the SN envelope while producing sub-Ni 
elements (Ouyed et al. 2011). ""^Ni spallation reduces the subse- 
quent Fe content in the SN ejecta following the decay of the left- 
over Cobalt. This means that the cloud of pristine gas swept up by 
the SN-l-QN ejecta will carry signatures of this "nickel/iron impov- 
erishment" which should show up in the next generations of stars 
foiTned from fragmentations of the swept up clouds. As we show in 
this work, dsQNe in the wake of Pop. Ill stars provide a universal 
origin of MP stars and of the Spite Plateau and seems to account 
for many of the unusual trends observed in MP stars. Before we de- 
scribe our model in details, we remind the reader of the QN model 
and its basic features. 



1.3.1 Primordial Quark-Novae 

The basic picture of the QN is that a massive NS converts explo- 
sively to a quark star (Ouyed et al. 2002; Keranen et al. 2005). Such 
an explosion can happen if the massive NS, in its spin-down evolu- 
tion or via mass accretion (e.g. from fall-back material), reaches 
the quark deconfinement density in its core (Staff et al. 2006) 
and subsequently undergoes a phase transition to the conjectured 
more stable strange quark matter phase (Itoh 1970; Bodmer 1971; 
Witten 1984; see also Terazawa 1979), resulting in a conversion 
front that propagates toward the surface in the detonative regime 
(Niebergal et al. 2010). The outcome of the QN explosion - be- 
sides the formation of a quark star - is the ejection of the NS's 
outermost layers (a very neutron-rich ejecta with an average mass 
Mqn ~ 10"^^ Mq) at relativistic speeds (with a Lorentz factor aver- 
aging Fqn ~ 10; Ouyed&Leahy 2009). The outer layers are ejected 
from an expanding thermal fireball (Vogt et al. 2004; Ouyed et al. 
2005) which allows for ejecta with kinetic energy, £™ > 10^^ erg. 
In previous papers, we introduced the QN as a model for superlu- 
minous SNe (Leahy&Ouyed 2008; see also Ouyed&Leahy 2012), 
discussed their photometric/spectroscopic signatures (Ouyed et al. 
2012) as well as their nuclear/spallation signatures from the inter- 
action of the ultra-relativistic QN neutrons with the preceding SN 
shells and surroundings (Ouyed et al. 201 1). Applications of dsQNe 
to the re-ionization of the universe has been investigated in Ouyed 
et al. (2009a) while other implications to Cosmology have been put 
forward in Ouyed&Staff (201 1). 

The time delay between the SN and the QN, fdcky, is one of 
the key parameters of the model (Ouyed et al. 2002; Ouyed et 
al. 2009b; Ouyed et al. 2011; Ouyed&Leahy 2012). QNe occur- 
ring days to weeks following the SN (dsQNe) lead to destruction 
of ^'Ni processed during the SN explosion and to the production 
of sub-Ni (i.e. sub-Fe) elements down to lighter elements includ- 
ing Carbon and Lithium. For very short delays, spallation lead to a 



complete destruction of the original '*Ni. SNe hits by the QN eject 
with delays of many weeks are most likely to survive spallation 
and keep their original ^*Ni (and thus Iron) content. These how- 
ever, will experience spallation mostly in the outer CO-rich layers 
of the SN shell which as we show here lead to the formation of 
a Lithium plateau. As it turns out. Spallation in the outer CO-rich 
layers makes primordial dsQNe an efficient pre-Galactic source of 
light elements (Be, B and Li) and of Nitrogen. 

Here we argue that MP stars might have formed from the frag- 
mentation of clouds polluted by the first generation of dsQNe. The 
^'Ni depletion will leave an imprint in the material swept by the 
combined SN-l-QN ejecta which should be transmitted to the next 
generations of star bom out of the fragments of the swept up mate- 
rial. We define the shell of mass swept up (in the primordial cloud 
of the progenitor star) by the mixed SN-QN ejecta as Ms„. At red- 
shift 10 < z < 20 we adopt as our fiducial value Ms„ ~ 10^ Mq 
(Shigeyama& Tsujimoto 1998). These swept-up clouds, as we have 
said, we expect to fragment to form the next generation of low-mass 
stars (e.g. Machida et al. 2005). 

We emphasize that in this paper we focus on the general idea 
of primordial dsQNe as plausible sources of VMP stars and of the 
Li plateau; only qualitative results are presented. A more detailed 
investigation will have to await detailed simulations of the QN ex- 
plosion and the dynamics of the collision between the the QN ejecta 
and the preceding/expanding SN envelope, and the subsequent col- 
lapse of the swept up pristine material. The paper is organized as 
follows: In §2, we investigate spallation in the inner (Ni-rich; here- 
after Ni refers to ^*Ni) layers of the SN while spallation in the outer 
(CO-rich) layers is described in §3. In §4 we discuss the formation 
of neutron-capture elements in our model and make the connection 
to CEMPs and NEMPs. The formation of the Lithium plateau is 
presented in §5 while a general discussion and some predictions 
are given in §6. We conclude in §7. 



2 INNER-SHELLS SPALLATION 

Here, we assume that the SN (preceding the QN) explodes with 
typical kinetic energy Egj^. Following Ouyed et al. (2011), we as- 
sume an onion-like profile of the resulting/expanding shocked SN 
ejecta (i.e., no mixing) with the innermost ejecta, viz., Ni nu- 
clei (mass number Ax=56]3 constituting the target at a distance 
^in(fdeiay)=Vsn fdday from the Center of the explosion; we assume Vs„ 
to be constant since the QN occurs while the SN ejecta is still in the 
Sedov phase (e.g., McCray 1985). In the simplest picture, above the 
Nickel layer is a Silicon layer and above the Si layer are the C-l-O 
layers. For SN progenitors in the 20Mo < Mp^^^ < 40Mq range, 
the amount of Nickel processed in these explosions is 0.1 Mq < 
Mni.sn < IMo (Heger&Woosley 2002); the subscript "SN" refers 
to abundances in the expanding SN shell before it gets hit by the 
QN ejecta. Other characteristic abundance patterns of nucleosyn- 
thesis in the metal-free (Pop III) stars for the mass-range of interest 
(20Mq < Mp„g < 40Mo) are given in Umeda et al. (2000). For the 



O- and C-content in the SN shell, we take Mo_s 



Mr- 



IMn as 



our fiducial values. We take Ni as representative of the inner shells 
(i.e. we ignore Si for now) and O representing the outer shells (with 
the C-layer overlaying the O-layer). We will adopt the subscript 

^ The nickel layer/target consists of Nickel and Cobalt from Nickel decay 
at an amount A'co.SN = A'Ni,SN(l - exp"''i='"y''*^ ''"*'-^). However, both Ni 
and Co atoms experience spallation reducing altogether the final (i.e. total) 
amount of Fe produced in the cloud swept up by the explosion. 
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"Ni" to refer to the inner layers and "O" to refer to the outer layers. 
We start with spallation in the inner layers. 

The target number density in the Ni layer is approximately 
constant at «56=MNi_sN/(47ri?^^ARin), where ARi„ is the thickness 
of the Ni layer; this can be generalized to any target At with 
WAT=^AT,SN/(4^^fuA/?i„), where Ma^.sn is the initial mass of tar- 
get At. The neutron mean free path for spallation in the Ni layer is 
-^sp. = 1/("at0^sp)> where the spallation cross-section for neutrons 
on a target nucleus is empirically described with iXsp == 45A!J' mb 
(see Ouyed et al. 20 11) where mb stands for milli-bam. 

The average number of collisions (i.e. the number of spallation 
mean-free-path A^p} an incoming neutron makes in the Ni layer is 

Mni.sn/O.SMo 



A', 



Asp. 



3.45- 



(At.S6) " (Vsn.5000 fdclay.io)^ 



(1) 



where At,56 is the target atomic mass in units of 56 and the time 
delay between the SN and QN explosion in units of 10 days. The 
velocity of the inner SN shell is in units of 5000 km s"'. The ex- 
pansion velocity is assumed to be constant since the SN is still in 
the free expansion phase (e.g., McCray 1985) when it gets hit by 
the neutron-rich QN ejecta; fj^iay varies from a few days to a few 
weeks (see 36.6| for other scenarios). 

The SN ejecta must be sufficiently dense that A'.i > 1 (the 
condition for spallation to occur), which limits the time delay be- 
tween the SN explosion and the QN explosion to 



fdeiay < ^Ni ~ 18.6 days 



(MN,sN/0.5Me)'/^ 

.0.15,, 
Aj._5gVs,i_5000 



(2) 



For longer delays (fdcky > ?Ni), spallation is minimal and Nickel 
and Silicon will not be destroyed; note the weak dependence on the 
target atomic mass At. 

The average total (neutrons +protons) multiplicity is 



^(£,At) == 7At.56 X (1 + 0.38 In £) , 



(3) 



where the neutron energy E is in GeV. The spallation condition, 
^(£, At) > 1, yields a constraint on the minimum energy of the 
impacting nucleon E > Ef' = 0.105 GeV for the Nickel target. 

For a given energy E of the incident neutrons (with Eg cor- 
responding to the energy of the QN, first generation, neutrons), 
the resulting spallation product's atomic weight would peak at 
Ap = At - ^ ~ At.56 X (49 - 2.66 ln£). A typical Eg ~ 10 GeV nu- 
cleon in the QN ejecta impacting a Nickel atom spallates on average 
^(10, 56) ~ 13.12 neutrons+protons. This led us to posit dsQNe as 
the source of Titanium (Ap ^ 56 - 13.12 ~ 43) in massive stars in 
general and in Cas A in particular (see Ouyed et al. 201 ijj. 

The second generation of spallated neutrons+protons would 
have an energy £, = £o/^(£o,56) ^ 10.0/13.2 ~ 0.76 GeV and 
so on for the subsequent generations. The total, or net number of, 
nucleons (neutrons+protons) spallated per nucleon is then 

*max.-l _ 

^ne, = n 1{E„A) (4) 

^ max.- l 

= (7AT.56)*"" X ]~[ (1 + 0.381n£,) , 

1=0 

where fe^^x = niin(A'j , A"). Le. spallation would cease when neu- 
trons run out of target material {Na^„ < 1) or when their energy 
is reduced below E^' (after K spallation sublayers). Details of the 

'' Plausible signatures of the QN in Cas A have recently been suggested 
(Hwang&Laming 20 11). 
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Figure 1. Top panel: Normalized mass yield {if^^ = A/ni /Mjmi.sn ; i.e. 
^^Ni depletion) versus time delay from spallation on the original SN ^^Ni 
layer/target. Bottom panel: The corresponding [Fe/H] versus ^jeiay (see eq. 
|5). The three curves are for Mni.sn = O.IMq (solid line), Mni.sn = O.SMq 
(dashed line) and MfjisN = I-OMq (dotted line) target mass. The ver- 
tical dotted lines in the bottom panel demarcate the different classes of 
metallicity; MP, VMP EMP UMP HMP and, MMP stars as defined in 
Beers&Chrisflieb (2005). 



numerical procedure, and related references, is described in Ouyed 
etal. (2011). 



2.1 [Fe/H] trends 

We define the normalized mass yields of spallated fragments of 
atomic mass A as t}^ = Ma/Ma^,sn- The superscript refer to the 
target while the subscript refers to the spallation product. For ex- 
ample, Tjf" would correspond to ^Li produced from spallation on a 
Nickel target. In this definition, rj^^ would correspond to reduction 
of the initial (i.e. SN) Nickel content. 

Figure [T] shows Nickel destruction, i.e. 77^*, versus f^eiay for 
three different initial Nickel content, Mni.sn = 0.1,0.5 and IMq. 
The corresponding [Fe/H] abundance (shown in the bottom panel 
of Figure 1) is derived from 



-n-l = log 



A'f, 



A'Fe, 



+ log 



A'f, 



log '756+ log 



A'h 

(M56.sn/0.5Mo) 



- log U 



(5) 



■ 2.42 . 



(M,„/105Mo) 

where the number of atoms of elements A is A'a = ^a/A. Here Ms„ 
is the mass swept up by the mixed SN-QN ejecta in the primordial 
cloud (at redshift 10 < z < 20; near the end of the dying out of the 
first stars) of the progenitor star which we take to be of the order of 
Ms„ ~ 10' Mo (Shigeyama&Tsujimoto 1998). We adopt 1.2 as the 
mean molecular weight of the neutral primordial gas. The evolution 
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and cooling of the swept-up cloud we expect to fragment to form 
the next generation of stars (e.g. Machida et al. 2005). 

If the swept material is mixed well with the ejecta of the dsQN 
(i.e. complete mixing), the metal abundance in the gas shell (and 
thus the next stars) should carry a "genetic imprint" of the "iron 
impoverishment" and spallation products from the dsQN explosion. 

As can be seen in the bottom panel of Figure [T] the range 
in metallicity we obtain is -7.5 < [Fe/H] < -2.0 for 2 < 
fdeiay(days) < 25. For a given M^jsn, QN occurring with fjei^y « 
fNi lead to important depletion of Nickel. In our model, SN progen- 
itors with the lowest initial Ni content experiencing the QN with 
short delays would lead to MMP stars in the nomenclature given in 
Beers&Christlieb (2005). Progenitors with highest initial Ni con- 
tent hit by the QN ejecta with ^jeiay > fNi will experience minimal 
spallation and would correspond to MP stars. QNe progenitors with 
even higher Ni content (i.e. processed during the SN proper; e.g. 
A^Ni.sN > IA^g) but who have not experienced excessive spallation 
(i.e. fjeiay > ^Ni 01' equivalcntly 7755 ~ 1) would lead to [Fe/H]> -2. 

The range of metallicity we arrive at resemble those of the MP 
stars in the Galactic halo (e.g. Beers et al. 1992) and also accounts 
for HMP stars such as HE 0107-5240 ([Fe/H]~ -5.3; Christlieb et 
al. 2002) and HE 1327-2326 ([Fe/H]~ -5.4; Frebel et al. 2005). 
The lower limit, [Fe/H]~ -7.5, corresponds to QNe progenitors 
with low iron content in the SN proper (~ 0. IMg) but have expe- 
rienced excessive spallation (i.e. /delay « ?Ni days with a corre- 
sponding T^jg ~ 10"^). For /delay < 2 days the metallicity drops to 
even much lower values as can be derived from extrapolation to 
smaller /delay in the bottom panel of Figure I . 

Machida et al. (2005) point out that HMP stars has too lit- 
tle metallicity to be explained by the mixture of SN ejecta of a 
first-generation massive star and the primordial gas swept in its 
SNR shell. For SN models to explain HMP stars metallicity, the 
ejecta gas needs to sweep up much more (> 100Ms„) primordial 
gas which seems very unlikely. In our model, these correspond to 
primordial dsQNe with fjeiay < 4 days. Finally, we note that the 
above analysis, assume complete mixing between the swept am- 
bient gas and the dsQN ejecta. The individual stars, however, ex- 
pected to show a large scatter since the efficiency of mixing may 
vary from fragments to fragments. 



Thus our model provides a different origin of these elements in 
MP stars and seems to account for the overall observed trends. For 
example, spectroscopic studies report increasing [Ti/Fe] ratios with 
decreasing metallicity. This finds a natural explanation in our model 
since in general Ni spallation results in enhanced abundances rel- 
ative to solar of the sub-Fe elements such as Ti. We find that for 
2 days < /jeiay < 10 days, elements closer to Ni (e.g. Cr and Mn) 
on average decrease with decreasing metallicity while lower A el- 
ements (e.g. V) show the opposite trends. The bottom panels in 
Figure|2]show [X/Fe] projected into the (A,[X/Fe]) plane. Spalla- 
tion in the inner Ni-layer produces on average more Fluorine and 
Scandium than the other sub-Fe elements (see bottom panels in fig- 
ures|2]and[3}. As discussed later in 96.21 these elements could be a 
telltale signature of dsQNe in Galactic halo MP stars. 

We close this section with a brief discussion of our findings: 

• In our model, the [Fe/H] in the swept cloud depends on the 
initial Nickel mass (i.e. most likely on the mass of the SN progen- 
itor) and the time delay between the SN and the QN. There are 
two classes/regimes of dsQNe that could give similar mass yields 
in [Fe/H]. dsQNe impacting SN shells from massive progenitors 
(presumably those with high initial Nickel content) with short de- 
lays and dsQNe impacting SN shells from less massive progeni- 
tors with long delays. However, these two cases differ in their final 
abundances of the sub-Ni products. This means that the low-mass 
stars bom from the clouds swept-up by these two classes of dsQNe, 
although similar in iron abundance, might exhibit a variety of dif- 
ferent chemical abundance patterns. It would be misleading to con- 
clude that Galactic halo MP stars with similar [Fe/H] values but 
showing difference in chemical abundances, do not share a com- 
mon origin. 

• While one is tempted to associate low-Fe abundance with 
earlier times, our model provides a fundamentally different view 
which separates the iron content in low-mass Galactic Halo stars 
from evolution and thus age. dsQNe provide a common origin and 
time for the formation of MP stars without the need for multiple 
events. I.e. high metallicity in halo stars does not imply evolution 
and/or multiple events according to our model. 



2.2 [X/Fe] trends 

The top panels in Figure |2] show normalized mass-yields, 77^^, for 
stable isotopes with atomic weight 1 < A < 56 and for differ- 
ent fdeiayi the left (right) panels are for Mnisn = 0.5Mo (A/NisN = 
I.OMq). As expected, for the shortest delays spallation is substan- 
tial, converting most of the Ni into H. For 2 days < fdday < 10 days, 
almost all of the stables isotopes are produced. The middle panels 
show the corresponding [X/Fe] versus [Fe/H] (see Appendix for 
the derivation of [X/Fe] in our model). In these middle panels, only 
A > 16 are shown since elements below (and including) O will be 
altered by spallation in the outer layers (these will be discussed in 
the next section). 

In primordial dsQNe, inner-shells spallation depletes Ni (and 
thus the iron content in the swept cloud) and enhances the abun- 
dances of sub-Fe metals. Naturally, among the spallation products 
(see Figure|2j are all stable isotopes of K, Ti, V, Cr, Mn, and Fe plus 
any unstable isotopes that decay into these. Interestingly iron peak 
elements (22 < Z < 28, i.e. Ti, V, Cr, Mn, Fe, Co, Ni) have been 
observed in MP stars. We note that these elements appear to be 
difficult to synthesize in standard nucleosynthesis models of SNe 
(Kobayashi et al. 2006; e.g. Yoshida et al. 2008 for alternatives). 



3 OUTER-SHELLS SPALLATION 

We now take into account the presence of O and C (but no N) in the 
outer layers of the SN shell prior to the QN impact. For short time 
delays (with important Ni spallation), spallation in the outer layers 
is minimal and the original (SN) C and O content is preserved. As 
we show below, this effectively corresponds to a very pronounced 
O- and C-enhancement at shortest delays (i.e. lowest [Fe/H] val- 
ues in our model). In this section, we explore the conditions under 
which spallation proceeds into these layers and the consequences 
on abundances of A < 16 elements. We first focus on C, O and N 
while Li is discussed in §4. Ba and Be are briefly discussed in §5. 



3.1 Trends In Oxygen 

The spallation condition, i,{E, 16) > 1, yields a constraint on the 
minimum energy of the impacting nucleon E > E^ = 0.268 GeV 
for an Oxygen target (i.e. Aj = 16). Thus for /delay < ^ni. a nec- 
essary condition for spallation to continue onto the outer layers is 
EoKnct > 0.268 GeV with <f„et given in eq©. A reasonable ap- 
proximation is n*™"^-'(l -1-0.38 In £,) ~ (l-l-0.381n£'av.)*'"" where 
InEav. = (ln£o + l'n£:°)/2 ~ 0.492 for our fiducial value of £0 = 10 
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Figure 2. Top panels: Mass yields of Ni-spallation products (log rf^ = log Ma /Mm; sn with atomic number 1 < A < 56) versus time delay ((jeiay in days). All 
stable isotopes down to H are shown with the Ni and H curves indicated for reference. Middle panels: [X/Fe] versus the corresponding [Fe/H] for products 
with atomic number 16 < A < 56. Bottom panels: [X/Fe]) versus atomic number (16 < A < 56) obtained from projecting the curves in the middle panels into 
the (A,[X/Fe]) plane. Left panels are for Mni.sn = 0.5Mo while right panels are for Mni sn = I.OMq. 
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Figure 3. Top panels: Comparison of Ni-spallation (solid circles) and O-spallation (open squares) mass yields versus time delay (fjelay in days) for 1 < A < 16. 
All stable isotopes down to H are labelled. Middle panels: [X/Fe] versus the corresponding [Fe/H] in our model. Only 0,N, and C are shown here with the 
two horizontal planes, shown for reference, corresponding to [X/Fe]=0 and [X/Fe]=4. Bottom panels: [X/Fe] versus atomic number A for all stables isotopes 
12 < A < 56. [C/Fe] and [O/Fe] from O-spallation are shown as open squares while [X/Fe] from Ni-spallation are shown as solid lines. Left (right) panels are 
for Mni.sn = 0.5Mo (Mni.sn = I.OMq). 
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GeV. This gives f„et ~ (7At.56)'""" x (1.19)'»»« which means that 
the E2, = £o/fnet > 0.268 GeV condition translates to a condi- 
tion on the number of spallation layers in the inner SN shells to be 
^max < In (37.32£o.ioGev)/ In (8.33Ar,56). For N,i,^ ~ k^^, and using 
Eq.Q, we arrive at 



fdeiay > fo ~ 14 days 



(MN,sN/0.5Me)'/^ 

Aj-jgVsn.soOO 



(6) 



This is the second critical timescale in our model (also valid for C) 
which defines a regime where spallation occurs both in the inner 
(Ni) and outer (O) shells. The expression above agrees well with 
the numerical values (see Table 1). 

For fjeiay > 'o We Isolatc two regimes of spallation on the O 
target: 



i- 



1.8 if to < fdeiay < ^Ni siucc E\ ~ 0.76 GeV, 
3.8 if fdeiay > ^Ni sluce Ei ~ Eq = 10 GeV, 



(7) 



which means that 0-spallation would lead mainly to Carbon (Ap = 
16 - 3.8 ~ 12) when /jeiay > ^Ni (i-e. when spallation occurs mainly 
in the outer SN shell) and Nitrogen (Ap =16-1.8-14) formation 
when spallation starts in the inner shells and proceeds to the outer 
ones; i.e. when to < rjeiay < /nj. 

The top panels in Figure|3]show normalized mass-yields, 77^^, 
for stable isotopes (1 < A < 16) and for different fjeiay. The mass- 
yields from the inner-shell spallation (77^*) are shown as solid cir- 
cles while the mass-yields from the outer-shell spallation (r]'^) are 
shown as open squares. As can be seen from equation (|6) above, 
the more Ni present in the SN shell, the longer fo before spal- 
lation proceeds onto the outer layers; f^eiay > fo ~ 14 days for 
■^Ni.sN = 0.5Mo and fjeiay > to ~ 19.8 days for Mnjsn = IMq. This 
explains the gaps between inner-spallation and outer-shell spalla- 
tion regimes in the top panels of figure |3]. 

The middle panels show the corresponding [X/Fe] versus 
[Fe/H] for O, N and C. The two horizontal planes correspond to 
[X/Fe]=0 and [X/Fe]=4. There is a clear enhancement in O and C 
abundance compared to Iron with decreasing metallicity (i.e. de- 
creasing fjciay) in our model. For fdeiay < fo, spallation does not 
occur in the outer (CO) layers while Nickel (and thus later Fe in 
the swept up cloud) is destroyed. This lead to the high values of 
[O/Fe] and [C/Fe] as explained further in 93.21 Nitrogen is less en- 
hanced than O and C since N has to be first produced by spallation 
in the O layers (see 93. 3b . The bottom panels show the (A,[X/Fe]) 
plane with the [X/Fe] contribution from the outer-shell spallation 
(shown as the empty squares) is compared to the [X/Fe] from the 
Ni-spallation (solid lines). 

3. 1. 1 The plateaus in sub-0 spallation products 

The plateaus in N, C, B, Be, Li and He from outer-shell spallation 
(top panels in figure[3]l can be understood as follows: The fdeiay > fo 
condition given by eq. ([6j combined with eq.([T]l gives A',) < 1.8. 
This means that in fd^ay > fo dsQNe, the thickness of the Ni layer is 
of the order of one neutron-spallation mean-free-path. Effectively, 
the QN neutrons interact on average once inside the Ni-layer. The 
resulting average multiplicity is ^(10,56) ~ 13.2 for our fiducial 
values with most of the spallated neutrons+protons heading to- 
wards the 0-layer with an energy £"0/ 13.2 ~ 0.76 GeV. This means 
that ^(0.76, 16) = '^ ~ 1.8. Thus spallation in the 0-layer would 
lead to a product peaking at Ap = 16 - ^° ~ 16 - 1.8 ~ 14 for 
any dsQNe with fo < fdciay < fm- The peak in spallation products 
at N and the weak dependence on fdeiay (as well as the narrow win- 
dow fo < fdciay < fNi) explains the "descending step-ladder" in the 



mass-yield r)^^ (and thus abundances) of sub-0 elements in the top 
panels of figure |3] 



3.2 Trends In Carbon 

The top panels in Figure |4] compares C yield from Ni- and O- 
spallation. The critical times fNi (solid vertical line) and fo (dot- 
ted vertical lines) are also shown. In general C produced from 
Ni-spallation is much less than C produced from 0-spallation. 
The initial (SN) C experiences spallation into lighter elements for 
fdeiay > fo but the rcsldual C still exceeds the Ni-spallated C. As 
derived in the appendix, we get (for fdday < fNi) 



and (for fdday > fNi) 



log 41 -0.26 

<6 



(8) 
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Carbon-enhancement is pronounced at shortest delays (i.e. 
lowest metallicity) reaching [C/Fe]~ 5 as can be seen in the bottom 
panels of Figure |4] These extreme values are caused by the fact 
that for extremely short delays. Nickel is heavily depleted while 
spallation does not proceed onto the CO layers thus preserving the 
original (Mc.sn = IMq) Carbon content. 

There are two classes of carbon stars in our model with a clear 
demarcation at or near fo (see the corresponding [Fe/H] in Table 
1). These two separate classes is reminiscent of the observed sepa- 
ration of CEMP stars into C-rich (i.e. fdday < fo in our model) and 
C-normal (i.e. fdeiay > fo in our model) subgroups over the range 
-4.0 < [Fe/H] < -1.0 (see Figure 3 in Aoki et al. 2007). Also, 
results from analysis of high-resolution spectra from the HERES 
survey (e.g, Barklem et al. 2005; Lucatello et al. 2006) show that at 
least 20% of all stars at metallicity with [Fe/H] < -2 are enhanced 
in their [C/Fe] ratios by a factor of 10 or more above the solar value 
(i.e. [C/Fe]> 1). Although the sample size is currently small. Beers 
& Christlieb (2005) point out that 5 of 12, roughly 40%, of stars 
known with [Fe/H]< -3.5, based on high-resolution spectroscopic 
studies, are strongly carbon enhanced. Below [Fe/H]< -5, the frac- 
tion is 100% (2 of 2 stars with [C/Fe] =4 for both HMP stars). 

The statistics mentioned above suggest that the strongly en- 
hanced stars might have originated from QN progenitors (i.e. the 
progenitors of the preceding SN) near the upper mass limit of 
40Mo. These we expect to experience a QN with the shortest de- 
lays since the massive progenitors are expected to leave the heavi- 
est NSs with core densities closest to the instability (i.e. quark de- 
confinement) value. Using a Scalo IMF (Scalo 1986), we estimate 
about 1 strongly CEMP star to form per 1000 C-normal star. Our 
model seems to capture these trends and suggests that the fraction 
of CEMP stars tend to increase with decreasing metallicity. While 
one might look at the nature of CEMP stars as a matter of the as- 
trophysical origin of the carbon excess that is observed in these 
objects, we suggest that it is rather a matter of Ni (and thus iron) 
destruction/depletion as suggested by our model. 
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3.3 Trends in Nitrogen 

The dsQNe progenitors should contain a neghgible amount of N 
compared to O and C since according to standard stellar models of 
low metallicities massive stars, these should not produce N (e.g., 
Woosley et al. 2002). The top panels in Figure|5]compares N yield 
from Ni- and O-spallation. The bottom panels shows the [N/Fe] 
versus [Fe/H], As expected for Jjeiay < /q (i-e. those with important 
Ni depletion) there is little Nitrogen production in the outer shells. 
The only N produced was during Ni-spallation but in negligible 
quantities compared to the N from O-spallation. Nevertheless, for 
the fdeiay < ?o regime, [N/Fe] will increase with decreasing [Fe/H]. 
Figure |6] shows [C/N] and [0/N] versus [Fe/H] (top panels) 
and versus [0/H] (bottom panels). As can be seen in the top pan- 
els, N is on average less enhanced than O and C. This is because 
nitrogen is produced in small quantities during the inner-shell spal- 
lation and only when spallation proceeds to the outer layers (i.e. 
for fdciay > to] would N from O spallation becomes relatively more 
abundant. We note that [0/H] is constant for ?dciay < fo since O in 
the outer layers exceeds by far the tiny amount generated from Ni- 
spallation. This explains the roughly constant [0/H] in the bottom 
panels. For f^ciay < to we get (see also the appendix) 



[£l.log^-log^|, 
[h\ ^ Nh ^ Nil 



(Mo,sN/lMe) 

log ; 2.78. (10) 

^(M.w/lO^Mo) 

However when spallation occurs in the outer shells (i.e. for fjeiay > 

to), O is depleted which explains the two points at [O/H] 3.8 in 

the bottom left panel of figure |6] For Mni.sn = 1 -OMq (the bottom 
right panel), the neutron energy after Ni-spallation is much too low 
to spallate O. A range in Mo_sn or in the material swept up by the 
dsQN ejecta should lead to a spread in [O/H] (see discussion in 

We close this section by briefly discussing our findings in the 
context of observations and models discussed in the literature: 

• Spite et al. (2005) reported high [N/0] ratios in a sample of 
EMP stars. These are the Cayrel et al. (2004) sample that are not ex- 
pected to have altered their surface values of CNO during their life- 
times (the "unmixed stars"). They concluded that it was likely that 
some source of primary N was necessary to explain the observed 
high [N/0]. Their arguments relies on the fact that AGB stars had 
not had enough time to contribute to the ISM enrichment at such 
low metallicities and that massive stars are not producers of primary 
nitrogen (as predicted by standard stellar models, e.g., Woosley et 
al. 2002). We argue that dsQNe with long delays (specifically those 
with to < fdeiay < tf^i), should lead to swept up clouds richer in N 
than those swept-up and contaminated by fdciay < fo dsQN explo- 
sions. We recall that for fdciay > fNi, ^ ~ 4 which means that it 
is mostly C (Ap = 16-4 ~ 12) that is produced. However, the 
fdciay < fo cxploslous will lead to higher [N/Fe] values. We specu- 
late that O-spallation by dsQNe in the outer layers of the SN shells 
from the 20-40Mq Pop. Ill stars as the main source of primordial 
N. 

• It has been suggested in the literature (Ekstrom et al. 2008; 
Joggerst et al. 2010) that replicating abundances of N in EMP and 
HMP stars may require rotationally induced mixing prior to the 
destruction of the progenitor star. The non-rotating Pop III model 
yields did not reproduce the amount of N observed in HMP stars 
because it was not present in the initial pre-supemova progenitor 
models in sufficient quantities. Chiappini et al. (2005) finds that the 
measured [N/O] can be explained by adopting the stellar yields ob- 
tained from stellar models which take into account rotation together 
with an extra production of N from massive stars bom at metallici- 



ties Z below 10"^. This solution requires an increase of up to a few 
hundreds in N as compared to values expected from models for ro- 
tating massive stars. In general, the yields from these models do not 
seem to produce N and C abundances self-consistently and require 
that Pop III stars were rotating. Others argued that the observed 
paucity of very N-rich stars puts strong constraints on the IMF at 
low metallicity (e.g. Komiya et al. 2007) or may require a much 
more efficient dredge-up of carbon in low-mass, low-metallicity 
AGB stars than shown by detailed evolution models available to 
date (see Pols et al. 2009; Izzard et al. 2009 for a discussion). We ar- 
gue that dQNe model is a promising explanation for both the ubiq- 
uity of CEMP-s stars and the near-absence of NEMP stars without 
the need for a revision of dredge-up models of AGB stars. In 36.31 
we also discuss our model's implications to the IMF of the first 
stars. 



4 R-PROCESS AND S-PROCESS ELEMENTS 

The total amount in mass of neutrons-l-protons foiTned following 
spallation is M„+p =: ^„e(MQN. For a given Mnisn. dsQNe with 
fdciay << fNi lead to Mn+p ~ 0. lMof„ct.iooA^ON,-3 ; each QN nucleon 
leads to an average of 100 spallated neutrons +protons with an aver- 
age energy £„ ~ lOGeV/fnet ~ 100 Me V. Neutron capture happens 
once the neutron energy is further reduced to < 30 MeV which 
means that s-processes in our model would occur preferably in 
short delays cases (i.e. most MP star) when ^„et >> 1- Efficient cap- 
ture would occur if neutron-capture timescale Tcap. = l/(nAO"cap.v„) 
is shorter than neutron lifetime, or r^ap. < 720 s which gives 



fdciay < f s ~ 9.6 days 



0.5Me 



cap.,barn n.3u 
Vsii,5000 



(11) 



where we made use of iia = Mf^l{AnRr^liR[„) and we assumed 
Ai^in ~ O. li?in. The neutron energy is given in units of 30 MeV 
(Vn is the neutron thermal speed) and the neutron-capture cross- 
section, (Tcap , in bams (Hell et al. 2006). This is the third critical 
time in our model which is shown as the vertical dotted line in our 
figures. 

The weak dependence on the original (SN) Ni content implies 
that fs ~ 9.6 days/vsn.5000 which corresponds to a universal value 
of [Fe/H]< -4 (from Table 1) in our model if the velocity of the 
preceding SN ejecta varies little from one progenitor to another 
A fraction of the neutrons will be captured before decaying into 
protons which should lead to significant amounts of s-process el- 
ements. Even a slight neutron-capture of these thermal neutrons 
could lead to [Ba/Eu]> 1 where we use Barium as a reference for 
s-process elements; as a comparison a pure r-process-enriched star 
has [Ba/Eu] ~ -0.8 (e.g. BuitIs et al. 2000). 

The QN ejecta was shown to be an ideal site for r-processing 
of heavy elements (with A > 130; see Jaikumar et al. 2007 for the 
QN as a novel r-process site). The elements deposited into the SN 
shell can be quantified in terms of [Eu/Fe] (representing the 3rd 
peak r-process elements) in our model as 

Eu'\ 
7>J 



, A'eu , A'ni.sn , Neu, 



(12) 



, 56 , Me„/10-«Mo 

• log rfZ, + log 

^ "' ^ Mn,,sn/0.5Mo 



1.15 



where 10 *Mq is the average amount of Eu expected to form in a 
10--''Mo QN ejecta (Me„ ~ lO^^Mgn; Jaikumar et al. 2007). Com- 
bining equation above with eq.lO we get 
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Figure 4. Top panels: Carbon mass yields versus time delay (?dclay) from Ni-spallation (7]^.^ = Mc/Mni sn; solid circles) and O-spallation (tj'^ = Mc/Mqsn', 
open circles). Bottom Panels: The con-esponding [C/Fe] versus [Fe/H]. Left panels are for (MiMisN =O-5M0,Mo,sN = l-O^o.^csN = I.OMq) while right 
panels are for (MfjisN = 10Mo,Mo,sN = IOMq.Mcsn = IOMq). The vertical lines labelled ?Ni,?o, and 4 (see Table 1) represent demarcations between 
purely Ni- (i.e. inner shell)-spallation for ?dclay < fo and purely O- (i.e. outer shell)-spallation for ^dclay > fNi- For fo < 'delay < 'Ni spallation occurs in both 
the inner and outer SN layers. The dotted vertical Hne defines the neutron-capture (s-process) regime (f < 4; see 0. For fdeiay > 'Ni Ni-spallation is minimal 
which means that points to the right of the solid vertical line in the top panels all fall on the solid line in the bottom panels; i.e. all have the same value of 
[Fe/H] as given by eq. (sj when 7]^^^ ~ 1. These vertical Hues are shown in all subsequent figures. 
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\Eu 



Fe MeJlQ-'^Me 
-[ — I + los 3.57 



(13) 



Equation above shows that [Eu/Fe] increases as [Fe/H] decreases. 
Since -7.2 < [Fe/H] < -2 then -1.7 < [£m///] < 3.6. 

We close this section by discussing the implications of our 
findings above to CEMP stars: 

• About 80% of the CEMP stars have been shown to be 
enhanced in s-process elements (the so-called CEMP-s class; 
Beers&Christlieb 2005). This can be accounted for in our model 
since s-process elements form preferably for short delays which is 
also the regime for CEMP stars. Recall (from 33.2I > that shorter de- 
lays preserve the original (SN) C while depleting Ni thus leading 
to high [C/Fe] values. 

• CEMP stars exhibit a wide variety of element abundance pat- 
terns, CEMP-s stars, CEMP-r stars and CEMP-r/s stars, which ex- 
hibit enhancements of the neutron-capture s-process elements, r- 
process elements and a combination of s- and r-process elements 
(Beers & Chirstlieb 2005). The QN ejecta is rich in r-process el- 
ements. If they survive the collision with the SN ejecta, these can 
be deposited in the swept up gas/cloud thus leading to CEMP-r 
stars. The lack of s-process in CEMP-r stars suggest that either not 
enough neutrons are spallated or that most of them have decayed 
to protons before capture. One can imagine a combination of the 
scenarios above leading to CEMP-r/s stars formed in clouds con- 
taminated with s- and r-process elements. 

• It has been suggested since the majority of CEMP-s are known 
to be members of binary systems (e.g. Lucatello et al. 2005), these 
could have acquired their peculiar abundances from the compan- 
ion. Enrichment by a companion AGB star would result in abun- 
dances of C, N, and O well above that with which the stars were 
initially bom. For example, this has been proposed to explain HE 
1327-2326 (Aoki et al. 2006), although Frebel et al. (2008) present 
evidence that HE 1327-2326 is not a member of a binary system 



[t!] 

Table 1. Theoretical and numerical values of critical transition times (in 
days) in our model for different initial Nickel content in the SN envelope, 
piior to the QN explosion. The corresponding [Fe/H] values (see Figure 1 ) 
are also shown. 



Mni.sn/Mo 


0.1 


0.5 


1.0 


h 


5.6 


9.6 


12.1 


[Fe/H], 


-3.8 


-3.1 


-2.8 


to theoretical (numerical) 


6.3 (6.3) 


14.0(13.5) 


19.8(19.1) 


[Fe/H]o 


-3.6 


-2.7 


-2.3 


fNi theoretical (numerical) 


8.3 (8.3) 


18.6(17.1) 


26.3(22.1) 


[Fe/H]N, 


-3.1 


-2.4 


-2.1 



and thus could not have been enriched by an AGB companion. Fur- 
thermore, in these accretion scenarios high level of C is often ac- 
companied by high levels of s-process abundances (e.g. Cohen et 
al. 2006) which is not always observed. In general it seems that 
explaining CEMP peculiar composition with these models have 
proven difficult (e.g. Mc William et al. 2009). Our model provides a 
viable explanation of the variety of chemical abundances observed 
in CEMP stars without appealing to mass transfer across a binary 
system. 
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5 LITHIUM PRODUCTION: LI AND *LI 

5.1 'Li 

The Lithium spoliated on a target At (Ni, O or C) is giver|jby (see 
appendix) 



A{Li) 



log h log + 12 



(14) 



log 77^'' +log 



M 



At.SN 



/IMo 



+ 6.23 , 



M™/ 105 Mo 

Figure |7] compares lithium spallated from Ni (solid circles) 
and from Oxygen (open circles). The top panels show the mass- 
yields with the plateau from 0-spallation clearly visible (see 93.1.11 
for an explanation for the origin of the plateau in rjlj^). 

The corresponding A{Li) given by equation above is shown 
in the middle panels with the lithium from O-spallation visible at 
the higher [Fe/H] values. The Ni-spallated lithium reaches higher 
values than the lithium from O-spallation but in our model there 
are reasons to believe that Li spallated in the inner layers will not 
survive: Li is easily destroyed in collisions with protons for temper- 
ature T > 2.5 X 10^ K. For an adiabatic expansion of the preceding 
SN shell (Tenv. oc r-), the Tenv. < 2 X 10*^ K yields 



fdeiay > fti ~ 10.5 days 



R. 



7.1/2 

prog.JOOJ e„v.,|0 



Vsn.SOOO 



prog.,100 



(15) 



is in units of 



where the initial radius of the progenitor, R^ 

100i?o and the initial temperature of the SN envelope, T^^^m, in 

units of 10'" K. The above translates to (see Figure 1) 



[^l>-3-0- 



(16) 



Lower [Fe/H] values can be achieved for explosions involving 
higher Vsn values. For example, taking Vsn = lO'' km s"' leads to 
fdeiay > 5.25 days or [Fe/H] > -4 (see bottom panel in figure 1). In 
general we expect ''Li to be produced mainly in the outer Oxygen- 
rich layers in systems experiencing a QN with fdeiay > 10-11 days 
or, [Fe/H] > -3.0 for our fiducial values. However, 'Li from inner- 
shell spallation may survive in a narrow window in [Fe/H]. The 
resulting swept-up cloud (and thus low-mass stars) in these rare 
events will be imprinted with 'Li abundance above the observed 
Spite plateau. 

Figure [Sjcompares lithium spallated from Oxygen to that from 
Carbon for /delay > fe- This comparison applies to the case when 
the (IMq) 0-layer is replaced by an (IMq) C-layer. The top pan- 
els show the corresponding normalized mass-yields which shows a 
higher plateau in C target. The high values of 77'^ as compared to 
7/^* are understandable since for the 0-layer case most of the in- 
cident neutrons +protons are first used to produce N and C before 
producing Li and other lighter elements. The corresponding A(Li) 
values are shown in the middle panels with 3.3 < A{Li) < 3.5 for C 
target and 2 < A{Li) < 2.4 for O target. However, in a layered SN 
ejecta where the C layer overlays the O layer, the original (SN) C 
experiences much less spallation. In this case, Li originates mostly 
from the O-spallation with 2 < A(Li) < 2.4. We also add that Li 

5 In this paper, we ignore 'Li from BBN which should in principle be added 
to the final value obtained in our model. Interestingly, it has been suggested 
that free thermal neutral injection on primordial nucleo-synthesis yield a 
successful solution for reducing the 'Li abundance (Albornoz Vasquez et 
al. 2012). This idea warrants future investigation in the context of our model 
given the primary and secondary (in particular thermalized) neutrons that 
might escape the ejecta and stream ahead of dsQNe. 



from O-spallation dominates when the C and O layers are mixed or 
when C is less abundant than O. 



5.2 The plateau In A(L1) 



In g3.1.1| we provide a natural explanation for the plateau in the 
relative Li mass yield, 77^*. However A(Li) depends on Mq.sn and 
Ms„ which may vary from one source to another. The observed 
0.05 dex scatter in the A(Li) value from star-to-star would result 
from our model if the ratio between the mass of O in the SN ejecta, 
Mo,sN> and the mass of the swept-up pristine gas, Ms„, vary lit- 
tle from one source to another. From eg. (1141 . it can be seen that 
a scatter of no more than 10% in Mq.sn/A^sw can account for the 
observed scatter. We speculate on two possibilities: (i) It has been 
suggested that Ms„ might be linearly dependent on the explosion 
energy (e.g. Shigeyama& Tsujimoto 1998). Thus if the mass of the 
SN ejecta (and thus of Mo_sn) depend linearly on the SN energy, 
i.e. MsN o^ £sN then equation l ll4t suggests that an A(Li) plateau 
with a small scatter is not unrealistic in our model; (ii) The QN en- 
ergy varies little which should give a narrow range in Ms„; the QN 
explosion is triggered when the NS reaches quark deconfinement 
density in its core which is a universal value. Combined with the 
fact that the narrow range in the dsQNe progenitor mass might give 
a narrow range in Mo.sn> this could also lead to a narrow range in 
/Wq.sn/A^sw and thus to a small scatter. 

5.3 "^Li 

The bottom panels in figure|7]and figure|8]give an average *Li/'Li 
ratio of the order of ~ 0.3. Given the spallation origin of Lithium in 
our model, it is not surprising that ^Li is produced in amounts close 
to that of 'Li. Since these two isotopes are formed in the same layer 
we expect temperature effects to further deplete the *Li abundance 
in our model to *Li/'Li < 0.3. Our model is suggestive of a plateau 
reminiscent of the one hinted at by observations (*Li/'Li~ 0.06 ± 
0.03; Asplund et al. 2006). 

Since ''Li is destroyed at slightly smaller temperature (i.e. 
r > 2 X 10* K) than 'Li, this means that 'Li would survive only in 
dsQNe with fdeiay > '^Li ~ 1 1.5 days for our fiducial values (see eq. 
I15t ; i.e. for [Fe/H]> -2.7 as shown in Figure 8. This means as one 
approaches the lower end/edge of metallicity in the Spite plateau, 
*Li should start to decline slightly before that of 'Li according to 
out model. Lower [Fe/H] values can be achieved for explosions in- 
volving higher Vs„ values (see eq.|15t. 

To summarize this section, below we discuss plausible impli- 
cations of our model to the modelling of the convective envelope 
and atomic diffusion in MP stars: 

• In the traditional view, those Spite-plateau stars that have sur- 
face temperatures between 5700 and 6400 K have uniform abun- 
dances of 'Li because the shallow convective envelopes of these 
warm stars do not penetrate to depths where the temperature ex- 
ceeds that for 'Li to be destroyed (2.5 x 10* K). Stars to the left of 
the Spite plateau (cooler stars) posses envelopes that extend to such 
depths that their surfaces have lost 'Li to nuclear reactions. In our 
model, the stars to the left of the Spite plateau correspond to dsQNe 
with fdeiay > 'li (1-6. fdeiay > 10-1 1 days Or cqulvaleutly [Fe/H] > -3 
for our fiducial values). Thus our model offers an explanation that 
is independent of the question of the depth of the convective enve- 
lope in MP stars. Instead we speculate that the convective envelope 
might be the same (i.e. operates similarly) in all low-mass halo stars 
and that the cooler, low-mass ones do not show Li simply because 
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Figure 7. Top panels: 'Li mass yields versus time delay ((delay) from Ni-spallation (ifj^ = Mli/Mnisn; solid circles) and 0-spallation (rjlj^ = Mli/Mo.sn; 
open circles). Middle Panels: The corresponding A(Li) versus [Fe/H]. The plateau from O-spallation can be seen for to < fjelay < 'Ni- Bottom Panels: The 
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right panels are for (Mnj.sn = 1-0Mq,Mo,sn = I-OMq.Mc.sn = l-OM©). 
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Figure 8. Top panels: Li mass yields versus time delay ((delay) from O-spallation (solid circles; rjlj ) and C-spallation (open squares; t}^ )■ Middle Panels: The 
corresponding A(Li) versus [Fe/H]. Bottom Panels: The corresponding *Li/'Li ratio. Left panels are for (Mni.sn = O.SMq, Mo,sn = I-OMq, Mc,sn = LOM©) 
while right panels are for (Mni.sn = l-OMo,Mo.sN = 1.0Mo,Mc,sN = I-OMq). 
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they were bom in clouds swept-up and contaminated by primordial 

dsQNe with fjelay < tu ■ 

• Assuming our model is a correct representation of the Spite 
plateau, it could shed more light on the issue of atomic diffusion 
in old stars. This would require a more quantitative and accurate 
estimate of A{Li), including contributions from both the O and C 
layers. If it turns out that true A{Li) values in our model are higher 
than the Spite values then atomic diffusion as described in Richard 
et al. (2005) and Kom et al. (2006) might be at play reducing the 
dsQNe values to the Spite values. However, values of A{Li) close 
to 2 would suggest otherwise. 



MODEL'S IMPLICATIONS AND GENERAL 
DISCUSSION 



6.1 Beryllium and Boron 

Spallation on Carbon targets yields 



i~ 



1.5 if /o < fdeiay < ^Ni slncc £[ ~ 0.76 GeV, 
2.8 if /delay > ^Ni since Ei ~ Eq = 10 GeV, 



(17) 



which means that C-spallation would lead mainly to Beryllium 
(Ap = 12 - 2.8 ~ 9) and Boron (Ap = 12-1.5 ~ 10) forma- 
tion. Thus light elements such as Beryllium and Boron are simulta- 
neously produced from spallation in the outer shells; these will be 
discussed in details elsewhere. Let us simply note that our model 
predicts the existence of Beryllium-rich halo stars for t^^i^y > f^i 
reminiscent of the halo star HD 106038 (Smiljanic et al. 2008). In 
fact, for fjeky > %i> the A > 130 elements processed in the QN 
ejecta (Jaikumar et al. 2007) should be preserved which should ex- 
plain the Barium overabundance observed in HD 106038. Another 
possibility is that the light elements could be produced in HNe and 
in superbubbles (e.g. Parizot & Drury 1999; Parizot 2000) if these 
are limited to no more than 3 per 100 SNe in order not to overpro- 
duce the light elements (See Fields et al. 2002). In our model, Be 
abundance increases with fjeiay (i.e. with Fe), a trend that should be 
testable in halo stars. These two elements are fragile at tempera- 
tures > 3.5 X 10* K which means they should be mostly associated 
with MP stars with fjeiay > 10 days (or equivalently, [Fe/H] > -3.2). 
Due to the atomic and spectroscopic properties of Be and B, they 
have been less extensively observed. However, simultaneous ob- 
servations of all three elements in MP stars should help identify 
dsQNe imprint. 



6.3 The primordial IMF and dsQNe 

The nature of the first stars, and hence the primordial initial mass 
function (IMF), is yet to be observationally constrained, but nu- 
merical models that proceed from well-posed cosmological initial 
conditions suggest that they are very massive, from 25 to 500Mo 
(Bromm et al. 1999, 2002; Nakamura&Umemura 2001; Abel et al. 
2002; Wise&Abel 2007). Yet, there seems to be no signatures of 
PISNe in the Galactic Halo BMP stars (e.g. Ballero et al. 2006; 
Cayret et al. 2004; Tumlinson et al. 2004). It is possible that PISNe 
formed first and as the primordial gas became metal enriched, a 
normal Pop. II stars started to form (e.g. Karlsson et al. 2008; see 
also Greif et al. 2010). In this case too it is puzzling that signatures 
of PISNe have yet to be found. 

Furthermore, it seems that a successful reproduction of the 
general trends in galactic halo stars may require a generation of 
stars that resemble massive stars of the present-day IMF (i.e. from 
explosions resembling those of normal core collapse SNe). Joggerst 
et al. (2010) found that the good match of IMF-weighted averages 
of SNe yields to BMP star data suggests that SNe of ~ 15Mo with 
moderate explosion energies were responsible for the bulk of early 
enrichment. The fact that 15 M© progenitors must be included in 
the IMF average suggests that the metal-free stars that contributed 
the bulk of the metals to the early universe were of fairly low mass, 
extending down to the lower limit predicted for Pop III stars. Also, 
the ubiquity of CBMP-s stars and the near-absence of NBMP stars 
(see 33. 3t was also used as a mean to constrain the IMF which 
lead to the suggestion that an IMF biased toward intermediate-mass 
stars is required to reproduce the observed CBMP fraction in stars 
with metallicity [Fe/H] < -2.5 (e.g. Izzard et al. 2009). However, 
these models also implicitly predict a large number of NBMP stars 
which is not seen. In summary, the best SN models indicate pro- 
genitor masses of ~ 15-4OM0 while currently, the primordial star 
formation scenario is favouring much higher initial masses for Pop 
III stars. 

Our model reconciles the two if all galactic halo MP stars 
are formed in pristine clouds swept up by primordial dsQNe ex- 
plosions. In a conventional or slightly top-heavy IMF, stars with 
20Mo < Mprog < 40Mo would lead to dsQNe. The fragmenta- 
tion of the clouds swept up by primordial dsQNe will lead to the 
first generation of low-mass stars with signatures reminiscent of 
BMP/UMP stars in the Galactic Halo. A daring conclusion is: even 
if very massive Pop. Ill stars did form, as shown by simulations, 
these might not have been essential in explaining the formation of 
low-mass galactic halo stars. In Ouyed et al. (2009a), we already 
argued that a normal or slightly top-heavy IMF of the oldest stars 
can be reconciled with a large optical depth as well as the mean 
metallicity of the early intergalactic medium post re-ionization. 



6.2 Fluorine and Scandium 

Spallation in the inner Ni-layer produces on average more Fluorine 
and Scandium than the other sub-Fe elements (see bottom panels 
in figures|2]and|3j. The single stable isotope of fluorine, "F, is not 
synthesized in the main nuclear reactions taking place in the cores 
of stars. The overabundance of this rare nuclide in model could be- 
come a key diagnostic of dsQNe in Galactic halo MP stars. In par- 
ticular, since "F is produced in higher quantities from Ni-spallation 
for short delays, we expect it to be even more prominent in CBMP 
stars. Detection of overabundances of these two elements in Galac- 
tic halo MP stars in general and in CBMP stars in particular, could 
in principle be used to distinguish between our model and other 
models. 



6.4 QNe as universal r-process site 

Studies of r-process nucleosynthesis suggest that the site of forma- 
tion of the heavy r-process elements (A > 130-140) must be asso- 
ciated with events that occur very early in the history of our Galaxy 
(see Truran et al. 2002 for a review). These studies show that the 
r-process mechanism that operates in this environment must be ro- 
bust, in the sense that even a single nucleosynthesis event seems 
capable of producing an r-process abundance distribution closely 
in agreement with that found in solar system matter. We have al- 
ready discussed isolated QNe as plausible universal and efficient 
r-process site. The neutron-rich QN ejecta as it expands away from 
the neutron star was shown to make mostly A > 130 elements 
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(Jaikumar et al. 2007). Here we showed that in dsQNe the neutron- 
rich QN ejecta colUdes with the preceding SN ejecta which might 
lead - besides spallation products - to re-processing of the A > 130 
heavy elements depending on the strength of the interaction be- 
tween the QN ejecta and the SN ejecta (i.e. fdciay)- In general it is 
not unrealistic to assume that the resulting low-mass stars should 
carry signatures of multiple r-process sites: (i) elements processed 
during the expansion of the QN ejecta; (ii) s-process elements from 
neutron-capture following spallation; (iii) the r-process elements 
from the preceding SN; and (iv) any other processes in the SN shell 
following reheating and shocking by the QN shock. 

6.5 QNe rate 

Past estimate gives the rate of QNe to be < 1/100 of core-collapse 
SNe (Staff et al. 2006; Jaikumar et al. 2007; Leahy&Ouyed 2009; 
Ouyed et al. 2009). Out of these, 10% are dsQNe. We thus expect 
low-mass MP stars in the Galactic halo to be extremely rare with an 
average occurrence < 1/1000 of total stars. In our model, the QN 
progenitors closer to the 40Mq limit would go off first. These will 
most likely lead to the most massive NSs and thus to shortest time 
delays between the SN and the QN; thus the lowest [Fe/H] values. 
Adopting a Scalo IMF (Scalo 1986), this means that the number 
of stars should decrease precipitously as one moves towards low- 
est [Fe/H] values. On the other hand, the proportion of CEMP stars 
objects would show the opposite trend increasing dramatically to- 
wards lower, more negative, [Fe/H] values. Unless dsQNe are more 
common than our current estimates (e.g. if QNe turn out to be more 
prominent in the early universe), our model might be unable to 
account for the observed metal-poor stars with the lithium abun- 
dances at the level of the plateau. While we can argue for dsQNe 
as a new mechanism to produce Lithium in the early universe, low 
dsQNe rate means that these might not necessarily play a relevant 
role in the Lithium plateau. 



than those considered in this work. We have shown that C and N 
trends observed in HMPs can be reproduced in our model as well 
a neutron-capture elements from capture of the thermal (spallated) 
neutrons. 

Primordial dsQNe offer a source of a post BBN, pre-galactic 
''Li production (and other light elements) with a plateau at 2 < 
A(Li) < 2.4 from O-spallation (and 3.3 < A(Li) < 3.5 from 
C-spallation; see ^ why we favor the O-spallation origin of the 
plateau). We find that Li is formed in dsQNe with /delay > tu 
(with tu ~ 10-11 days, i.e. [Fe/H] > -3, for our fiducial values) 
when spallation proceeds into the outer CO layers. There are not 
enough results to draw the conclusion that primordial QNe could 
have a relevant role in the Lithium plateau; in particular the rate of 
dsQNe in the early universe might be too low to account for the 
observed metal-poor stars with the lithium abundances at the level 
of the plateau. An investigation in a proper cosmological frame- 
work (e.g. taking into account 'Li processed in BBN) is necessary 
before firm conclusions can be reached. At this stage we can only 
suggest dsQNe as a plausible new mechanism to produce Lithium 
(and other light elements) in the early universe. 

Given that the overall Universe was largely devoid of metals at 
the earliest times, it is generally assumed that low metallicity indi- 
cates old age. In this traditional view, the most MP stars are looked 
at as a "probe" of the undiluted imprint of the first stars and, the 
lower the metal content of a star, the fewer instances of nucleosyn- 
thesis and recycling tat preceded its formation. Our model suggests 
that the metal content of MP Galactic halo stars might not be related 
to age but rather to spallation from primordial dsQNe which instead 
depends on the properties of (i.e. mass of and Ni processed by) the 
progenitor stars with 20Mo < Mprog < 40Mo. The dsQN scenario, 
at least qualitatively, is able to explain some features/abundances 
observed in old stars within a single event. More work, however, is 
still needed to show whether the scenario still holds quantitatively. 



6.6 The expansion velocity Vjn 

In our model, we assumed that the spallation reactions happened 
virtually instantaneously after the QN detonates. This made it pos- 
sible to disregard the evolution of Vsn due to the dsQN (see ^. 
However, the dsQN could modify Vsn by accelerating the ejecta. 
This would make A'^ (see eq. [T) decrease and therefore would 
decrease Fe destruction and enhance outer shell spallation. Before 
the dsQN, v,,, is more or less constant, because it takes a timescale 
in the order of years for the SN ejecta to reach the Sedov phase, 
whereas spallation is very inefficient (and not likely to take place) 
in dsQNe with fdei^y that are larger than a few weeks. 



7 CONCLUSION 

We have shown that primordial dsQNe offer viable explanations 
for the trends of MP Galactic halo stars, suggesting that these 
Halo stars (or at least a percentage of them) might have formed 
from fragmentation of the shells (i.e. pristine gas) swept-up by the 
dsQNe occurring in the wake of Pop. Ill stars. "Iron impoverish- 
ment" by spallation of the inner Nickel layer of the SN material 
by the neutron-rich QN ejecta is at the heart of our model with 
the time delay (?dciay) between the SN and QN explosions as one 
of the key parameters. The generation of low-mass stars formed in 
the cloud swept-up by dsQNe are bom with a range in metallic- 
ity -7.5 < [Fe/H] < -2 and even lower for time delays shorter 
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APPENDIX A: [X/FE] AND [X/O] IN OUR MODEL 
Al Inner layers; f delay < ^ni 

Defining N^^/N^/N^ as the number of atoms of elements X produced following spallation on Ni/O/C targets, we have for a product of atomic 
mass Ax < 56 

— = log^^ ^-log^^|o= — +logl + — i-+a— i- (Al) 

^1 , /, ''X ^O.SN 1x ^CSN 

— +log 1 + — +« 



Fe Jni \ zyf" Mn,,sn t/x ^ni.sn 

where 

\X-\ N^' Nx Nf Af^isN A^x 1x 56 Nx 

iv ='°ST;--login-lo = log- +log— jj--log-— |o = log^j+log— -log-— lo. (A2) 

LFelNi A'fc Nf^ iVNuSN N^^ Wpe T/jg Ax A'Fc 

Here a = (I - Sxo) and 6xo is the kronecker's symbol with Soo = 1 when dealing specifically with oxygen. Naturally for Ax > 16, [X/Fe] 
= [X/Fe]^' since we assume that no Ax > 16 elements were present in the Nickel layer (i.e. none were processed in the inner SN envelope) 
prior to the QN explosion. Also, for fjei^y < to, spallation in the outer layers is minimal with rj^^ = 1 and r]l^ = 1 in the equations above. 
Solar abundances, log ^|o = A(X)|o - A(Fe)|o are taken from Asplund et al. (2009; see their Table 1). 

A2 Outer layers; rjeiay > % 

For /delay > ^Ni, Spallation in the Ni layer is minimal (or Mpe ~ Mni.sn) which means 

rX] N° + aN^ Nx . . N^ + oN^ ^o,sn , ^x , ,,,, 

LFeJo A'ni.sn A'fc A'g.sn A'ni.sn A'pe 



log^]f + logfl+a% 



'/x ^c.sN \ , 56 Mo.sN , Nx , 

' + log -— + log — log in-lo . 



?7]fMo.SN/ Ax MNi,SN A^Fe 

The [X/O] abundance is found from 

o\ ~ ['f^\~['f^\ 

where (for Jjeiay < ^Ni) 



(A4) 



— ~ log -i£ + log 1 + -i^ ■ — - 0.65 (A5) 



and (for fdeiay > tm) 

[^f.log,!^ log ^-0.65 (A6) 

The [X/H] abundance is found from, 

with [Fe/H] given by equation lO. For example in the case of oxygen (for fdciay < ?Ni) 

[01 , 56 , f, ^\IMo,&n] , (Mn,sn/1Mo) 

— - log n, ? + log 1 + -i^ ■ — + log ■ ; 2.82 (A8) 

IH\ ^"^ ^[ 77]^Mn,snJ ^(M,„/105Mo) 

and (for f delay > %) 

[01 , 16^, (Mcsn/IMq) 

[tf]^'°g'^'^^'°g (M.„/10^M.) -'-'' ^"-'^ 

Finally, 

A(X) = [|]+A(X)|o. (AlO) 



